The comprehensive mass balances of differential equations involving gas diffusion and hydraulic convection through package perforation, gas permeation through polymeric film, and produce respiration have commonly been used to predict the atmosphere of perforated fresh produce packages. However, the predictions often suffer from instability, and to circumvent this problem, a simplified diffusion model that omits the convective gas transfer and empirical models based on experimental mass transfer data have been developed and investigated previously by several researchers. This study investigated the potential and limitations of the simplified diffusion model and two empirical models for predicting the atmosphere in perforated produce packages. The simplified diffusion model satisfactorily estimated the atmosphere inside the perforated packages of fresh produce under the aerobic conditions examined. Published empirical models of the mass transfer coefficients of the perforation seem to be valid only for the measured conditions and thus should be used carefully for that specific purpose.
Introduction
Perforation or diffusion channel has been made or attached to plastic packages of fresh produce to maintain the desired modified atmosphere (MA) for a variety of commodities and storage conditions. The perforation or diffusion channel can partially overcome the gas permeability limitations of the available plastic packaging layers. Plastic packaging materials have narrow ranges of CO 2 and O 2 permeabilities, with the relative ratio of the former to the latter in the range of 3-7, which is suitable for creating an MA of low-tohigh O 2 concentration and low CO 2 concentration [1, 2] . In some cases, the gas permeabilities of the plastic packages are not high enough to balance the high respiration of certain commodities, thus creating an anaerobic atmosphere inside the package. The addition of perforations to the package can increase the gas permeation and modify the relative ratio of CO 2 permeation to O 2 permeation, allowing an MA with low O 2 and high CO 2 concentrations [3, 4] .
The perforated packages for a desired MA can be designed to balance the produce respiration and the package gas permeation by adjusting the number, diameter, and length of the perforations. In order to expedite the design process, mathematical models for estimating the package atmosphere have been developed and proposed by several researchers [5] . Rodriguez-Aguilera and Oliveira [6] have reviewed the published mathematical models on the mass transfer through the micro-or macroperforated polymeric films. There are variations among the models in their approaches, assumptions, and simplifications for gas transfer through the perforations: some are based on the physical principles of mass transfer, and others are based on empirical regression of experimental data on the changes in the gas composition inside the perforated packages. The typical comprehensive model based on physical principles addresses gas diffusion and convective hydraulic gas flow through the perforations, gas permeation through the polymeric layer, and produce respiration [7] [8] [9] [10] , but it often has the drawback of instability in the solution [11] . A simplified version that omits the convective gas transfer is often used for the ease of building the system equations and for ensuring the stability of the solution of the differential equations [12] [13] [14] . The empirical models present lumped mass transfer coefficients of O 2 and CO 2 gases as a function of perforation diameter, length, and/or temperature [5, 15, 16] . To satisfy the specific demands for usage and application conditions, many sophisticated mathematical models that take into account factors such as the porosity of the produce, CO 2 solubility of the produce, gas concentration distribution in the container, transpiration and water vapor balance, and external air velocity have been proposed [17] [18] [19] .
Although any model has specific targets for application, with associated advantages and disadvantages, the models should be evaluated by their prediction accuracy and convenience. By comparing the mathematical models based on prediction outcomes for different commodities and package configurations, the models can be used to successfully design perforated produce packages.
Therefore, this study aims to evaluate the different mathematical models of perforated fresh produce packages with respect to their prediction accuracy and practical usefulness. The results of the simulations of each model were compared to the literature data first and then the effects of omitting the convective gas transfer were examined for a model package system of two commodities.
Materials and Methods

Simulation Models for Package Atmosphere Changes.
Four different mathematical models used for estimating the atmosphere of perforated fresh produce packages were compared. The first model examined was the comprehensive theoretical mass balance model, which includes diffusive gas fluxes through the plastic wall and the perforations, convective hydraulic gas flow through the perforation, and respiration rates of O 2 consumption and CO 2 production [7] [8] [9] [10] : 5 Pa) and are the partial pressures in the container when ≥ . The first and last terms on the right side of (1)-(3) represent gas diffusion based on Fick's law and convective hydraulic gas transfer through the perforations based on the Poiseuille equation, respectively. The second term in (1)-(3) describes the diffusive gas permeation through the plastic layer, and the third term in (1) and (2) indicates the respiration activity. The gas transfer model of (1)-(3) has been termed as Fick's law and Poiseuille approach by Rodriguez-Aguilera and Oliveira [6] .
Although (1)-(3) (hereafter referred to as the comprehensive model) are comprehensive in including the major contributions to the mass balance, instability problems may arise for certain perforation conditions; these problems are caused when the value for the convectional terms is much larger than for the other terms under certain pressure differential conditions [9] . Simplifying (1)- (3) by removing the convection terms may have the potential to resolve the stiffness and instability problems only with a slight sacrifice in the accuracy [17, 20] . Thus, the simplified versions ( (4)- (6) , hereafter referred to as the simplified diffusion model) were examined in the simulation:
Mathematical Problems in Engineering
Because the nitrogen change is usually very small for common situations and the molecules of most interest in the package atmosphere are O 2 and CO 2 , (6), which is independent from (4) and (5), may be omitted in the solution. This simplified diffusion model has been covered in Fick's law approach by Rodriguez-Aguilera and Oliveira [6] . Two empirical models correlating the gas exchange flow of the perforation to its physical dimensions were also tested for their ability to predict the atmosphere of the perforated packages. These models, which were built using experimental gas transfer data for various physical perforation dimensions, lump the first and last terms in (1) and (2) into a parameter ( O 2 for (1) and CO 2 for (2)) called the mass transfer coefficient or gas transmission rate (m 3 h −1 ). Nitrogen transfer across the package layer is neglected. Hence, the empirical models can be described as follows:
The model of Fonseca et al. [16] (hereafter referred to as Fonseca's empirical model) provides the O 2 and CO 2 mass transfer coefficients ( O 2 and CO 2 ) in the simplified functional forms of the perforation dimensions:
The model of Emond et al. [15] (hereafter referred to as Emond's empirical model) relates the O 2 and CO 2 mass transfer coefficients to the perforation dimensions and temperature using polynomial functions: .
The respiration rates ( O 2 and CO 2 ) in the O 2 and CO 2 mass balance equations ( (1), (2), (4), (5), and (7)) may be supplied using any appropriate data or model. An enzyme kinetics-based model describing the respiration as a function of O 2 and CO 2 concentrations can be conveniently used in the simulation [24, 25] :
where , , and are the parameters. The solution of the equations obtained for the moles of gas in the container for any time can be converted using the ideal gas law to partial pressures of O 2 , CO 2 , and N 2 ( O 2 , CO 2 , and N 2 ) or to volumetric percentages under normal atmosphere. The simultaneous differential equations were solved in MatLab code by Gear's method under different control regimes.
Comparison of the Simulation Results and the Package
Atmosphere Data from the Literature. Experimental data for perforated produce packages in the literature that contained all the information on package dimensions, gas permeability, perforation conditions, storage temperature, and produce respiration were collected. Simulations using the four models examined were performed for each specific package and storage condition. The results of the simulations were compared to the literature data for the experimental package atmosphere.
Comparison of the Mechanistic Models for Different Perforation Conditions Using a Model Package
System. The solution outcomes of two mechanistic models, the comprehensive model and the simplified diffusion model, were investigated for a model package with a variety of perforation dimensions. The model package for the study, a plastic box made of 2 mm thick polypropylene with dimensions of 0.32 × 0.23 × 0.18 m, had a perforation, and it could hold 0.35 kg of spinach or 0.9 kg of king oyster mushrooms; storage was at 10 ∘ C [11] . The permeability values of the polypropylene shell were taken to be 5.71 × 10 −10 , 1.63 × 10 −9 , and 1.14 × 10 −10 mol mm m −2 h −1 Pa −1 for O 2 , CO 2 , and N 2 at 10 ∘ C [1] . The respiration kinetic data for spinach and king oyster mushrooms at the same temperature were adopted from Jo et al. [11] and simplified diffusion models. The behavior of the solutions was compared between the two models. Figures 1-3 compare the results of the package atmosphere simulations to the literature data for several experimental packages. Whereas the comprehensive and simplified diffusion models estimated the package atmosphere well, the two empirical models had poor prediction quality. Fonseca's model was comparable to the comprehensive and simplified diffusion models only for the estimation of the cut onion package with a long perforation (Figure 2(c) ).
Results and Discussion
Adequacy Evaluation of the Simulation Models Using the Literature Data.
The data in Table 1 provide evidence for the superiority of the comprehensive and simplified diffusion models to the empirical models; these data were from the analysis based on the mean relative deviation modulus, (11):
where is the experimental data points, exp is the experimental gas composition (O 2 , CO 2 , and/or N 2 ), and est is the estimated gas composition.
The difference in estimation ability between the comprehensive and simplified diffusion models was minimal, and thus, the two models are comparable.
The empirical models cannot simulate the behavior of the package atmosphere because of their limitations in predicting accurate mass transfer coefficients for different perforation conditions, even though the empirical models can provide the relevant coefficient values and produce an estimation for their range of experimental conditions. There was a better agreement between the estimation of Fonseca's model and the experimental literature data from Figure 2 than between the estimates and the data from Figures 1 and 3 because the perforation conditions were well covered by the experimental perforation dimensions (diameter of 9.0 × 10 −3 −1.7 × 10 −2 m and length of 6.0 × 10 −3 −3.0 × 10 −2 m) used to build the model [16] . As observed by Ghosh and Anantheswaran [26] , Fonseca's and Emond's empirical models were evaluated to give, for most conditions, much higher mass transfer coefficients than the values purely based on Fick's gas diffusion (specific data omitted here), which led to estimations of less atmosphere modification for the conditions in Figures 1-3 than those with the comprehensive and simplified diffusion models. The empirical mass transfer coefficients ( O 2 and CO 2 values) implicitly contain the convectional gas transfer in addition to the gas diffusion under the governing experimental conditions. According to Montanez et al. [18] , the O 2 and CO 2 values were also influenced by external air turbulence. Therefore, it may be reasoned that the empirical mass transfer coefficients of the perforations are valid only if the perforation dimensions used are accounted for in the original source data and the environmental variables, such as temperature stability and outside air flow, are kept the same as in the conditions used to build the model. Considering that a wide variety of perforation conditions are being adopted for the packaging of many types of fresh produce, it is difficult to find any empirical gas transfer model that is universally applicable to all packaging situations. In terms of general applicability, the comprehensive and simplified diffusion models are more effective for designing a package with optimal perforation conditions for different commodities.
Potential of Using the Simplified Diffusion Model for
Perforated Packages. Whereas the empirical gas transfer models have the limitation that they can only be used with very similar conditions of their sources, the comprehensive and simplified diffusion models are generally applicable to a variety of conditions, and thus, their properties under different perforation dimensions were investigated for packages of two typical commodities, spinach and king oyster mushrooms.
The comprehensive model of (1)- (3) successfully accounts for the most significant contributions to the mass balance for the produce packaging but often causes an instability problem in the final solutions for certain storage and perforation conditions. This problem is reasoned to come from a disproportionately high value for the convection term among the contributions under certain pressure differential conditions, as reported by Del-Valle et al. [9, 27] . An example of solution instability arising from the stiffness problem in the comprehensive model can be seen in Figure 4 , where the appropriate solution of the differential equations can be achieved only with short time steps in the numerical calculation. Even the stiffness-resistant Gear's method was found to have unstable solutions under certain perforation dimensions and package conditions. Unstable solutions often occurred with perforation conditions of large diameters and short lengths, which are thought to cause a large amount of convection flow due to the small transfer resistance at certain time points. To avoid the instability problem, the convectional terms have often been explicitly or implicitly omitted in the mass balance equations for the perforated MA packaging of fresh produce [5, 13, 28] . The effects of convection transport on improving the theoretical predictions are mostly marginal [17, 20] . Therefore, we investigated the difference between the comprehensive and simplified diffusion models in terms of the estimated package atmosphere for typical perforation dimensional conditions in spinach and king oyster mushroom containers. between the two models: it was maintained at a constant level of 78% for the simplified diffusion model, whereas it showed slight fluctuation around 78% for the comprehensive model. Figure 6 presents the overall agreement between the two models in the estimated equilibrated O 2 and CO 2 concentrations of the aerobic atmosphere range (O 2 ≥ 1%, CO 2 ≤ 20%). Considering the stability, convenience, and simplicity, the simplified diffusion model without convection terms can be used for most perforated package conditions without a significant sacrifice in the accuracy. The ease of manipulating the equations with appropriate accuracy is the reason why the simplified diffusion model has often been used for simulating perforated fresh produce packaging [12, 13] .
Omitting the convection terms from the comprehensive model did not result in significant changes in the package O 2 and CO 2 concentrations when the N 2 concentration was maintained at a relatively constant level of approximately 78% with an aerobic MA. The vanishing of the convection terms under the constant N 2 concentration has been reported by Paul and Clarke [8] . Anaerobic MA conditions with the CO 2 concentration increasing above 23% could not sustain the N 2 concentration at 78% (specific data not shown) and caused the discrepancy in the estimated gas concentrations between the two models ( Figure 6(b) ). Considering that typical MA packages with perforations have a target MA with a low O 2 concentration and high CO 2 concentration in the aerobic atmospheric range [1, 3] , the design of optimal perforated packages may be performed using the assumption of a constant N 2 concentration of approximately 78%. Thus, a perforated fresh produce package with the desired MA can be designed using the simplified diffusion model in practical terms.
Conclusions
By accounting for gas diffusion through package perforation, gas permeation through the polymeric film, and produce respiration, the simplified diffusion model can estimate the atmosphere within the aerobic range inside perforated packages of fresh produce. The omission of the hydraulic convection terms in the mass balance differential equations led to stability in the solutions without affecting the accuracy of the estimated package atmosphere. Published empirical models of the mass transfer coefficients of the perforation are valid only for conditions similar to those used in the measurement setup.
